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Peak Stir Zone Temperatures during Friction Stir Processing
SRINIVASAN SWAMINATHAN, KEIICHIRO OH-ISHI, ALEXANDER P. ZHILYAEV,
CHRISTIAN B. FULLER, BLAIR LONDON, MURRAY W. MAHONEY,
and TERRY R. MCNELLEY
The stir zone (SZ) temperature cycle was measured during the friction stir processing (FSP) of
NiAl bronze plates. The FSP was conducted using a tool design with a smooth concave shoulder
and a 12.7-mm step-spiral pin. Temperature sensing was accomplished using sheathed ther-
mocouples embedded in the tool path within the plates, while simultaneous optical pyrometry
measurements of surface temperatures were also obtained. Peak SZ temperatures were 990 !C to
1015 !C (0.90 to 0.97 TMelt) and were not affected by preheating to 400 !C, although the dwell
time above 900 !C was increased by the preheating. Thermocouple data suggested little varia-
tion in peak temperature across the SZ, although thermocouples initially located on the
advancing sides and at the centerlines of the tool traverses were displaced to the retreating sides,
precluding direct assessment of the temperature variation across the SZ. Microstructure-based
estimates of local peak SZ temperatures have been made on these and on other similarly
processed materials. Altogether, the peak-temperature determinations from these different
measurement techniques are in close agreement.
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I. INTRODUCTION
FRICTION stir processing (FSP) and friction stir
welding (FSW) are allied technologies involving local-
ized severe plastic deformation induced by the action of
a nonconsumable tool on a deformable material. In
both FSP and FSW, the tool generally consists of a
cylindrical shoulder portion with a projecting, concen-
tric, and smaller-diameter pin. The tool is rotated while
the pin is forced into the surface of the workpiece
material. A combination of frictional and adiabatic
heating leads to softening and allows the tool to
penetrate until the shoulder comes into contact with
the surface of the workpiece. Welding may be accom-
plished by traversing the tool along abutting edges of the
restrained materials that are to be joined, so that metal
flow around the pin leads to coalescence and the
formation of a solid-state bond between similar or
dissimilar materials.[1] In FSP, the tool may be traversed
in a predetermined pattern to process a volume in the
workpiece defined by the pin tool profile and the
traversing pattern. When applied to a cast metal, FSP
may convert the as-cast stir zone (SZ) microstructure to
a wrought condition, thereby improving physical and
mechanical properties in the absence of a macroscopic
shape change.[2,3]
Heating during FSP/FSW is due to a combination of
adiabatic deformation in a volume of material surround-
ing the tool pin and friction at the workpiece-tool
interface. The equilibrium of forces and moments,
traversing of the tool, and localized plastic deformation
induced by tool rotation result in rapid transients and
steep gradients in the SZ strain, strain rate, and
temperature. The extent of the SZ and surrounding
thermomechanically affected zone (TMAZ) depends on
the constitutive behavior of the material as well as the
tool design and processing conditions. Tool features such
as threads, flutes, or stepped spirals result in complex SZ
deformation fields that lead to further difficulty in
evaluation of the strain, strain rate, and temperature
distributions. For example, from thermocouples placed
outside of SZs[4,5] and computational modeling,[6,7] peak
SZ temperatures have been estimated to be 0.6 to 0.8
TMelt during the FSP/FSW of various metals and alloys.
In contrast, from the quantitative analysis of SZ micro-
structural constituents, the peak temperatures have been
estimated to be ‡0.9 TMelt during the FSP of NiAl
bronze.[8–11] This discrepancy has motivated the present
investigation to measure the SZ temperature by place-
ment of thermocouples directly in the tool path as well as
by the use of optical pyrometry, and then to compare the
results to microstructure-based estimates for NiAl
bronze materials subjected to FSP.
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Microstructure-based estimates of the peak SZ tem-
perature in the NiAl bronze rely on quantitative analysis
of the alloy constituents, because they are affected by the
FSP-induced thermomechanical history.[8–11] The con-
stitution and transformation characteristics of NiAl
bronze materials have been described in detail else-
where.[12–24] An alloy with the nominal alloy composi-
tion listed in Table I solidifies at ~1050 !C as a bcc b
phase. In large marine castings, near-equilibrium micro-
structures form during subsequent cooling at a rate that
is typically ~10!3 !C/s. The primary fcc a solid solution
then begins to form at ~1000 !C with a Widmanstätten
morphology in the b. At 930 !C, a globular precipitate
jii, which is Fe3Al having a DO3 structure, begins to
form in the b, while a finer jiv precipitate, which is also
nominally Fe3Al, forms in the primary a, beginning at
~860 !C. The volume fraction of b decreases until the
eutectoid decomposition reaction b fi a+ jiii takes
place over the temperature range ~800 !C to 760 !C.
The jiii in the eutectoid constituent is nominally NiAl
having a B2 structure, and typically exhibits a coarse
lamellar morphology.
Reversion of the eutectoid constituent to form b will
begin upon reheating the slowly cooled material into the
eutectoid range, and heating to higher temperatures of
800 !C to 1000 !C will result in an increasing volume
fraction of b as well as progressive dissolution of the jiv
and jii precipitates. The rates of these reactions are
expected to be accelerated by a factor of up to 104 in
regions experiencing severe plastic deformation due to
the generation of excess vacancies.[8,25–27] Subsequent
cooling at a rate characteristic of FSP (~101 !C s!1)
results in the formation of nonequilibrium transforma-
tion products of the b phase as well as retardation of the
jiv and jii reprecipitation. The nonequilibrium trans-
formation products of b may include fine Widmanstät-
ten a as well as bainite and martensite, depending on the
cooling rate.[8,9,14] Therefore, quantitative analysis of
the SZ and TMAZ microstructures enables prediction of
the local peak temperatures if it is assumed that these
microstructures approximately reflect equilibrium frac-
tions of b at peak temperature. Direct measurement by
embedded thermocouples and optical pyrometry results
will be compared to such microstructure-based estimates
to assess peak SZ temperatures for selected FSP
conditions applied to NiAl bronze materials.
II. EXPERIMENTAL PROCEDURE
The NiAl bronze plates of this study were sectioned
from a large casting and machined to an approximate
size of 300 mm in length 9 150 mm in width 9 19 mm
in thickness; composition data are provided in Table I.
Direct thermocouple measurements were accomplished
using sheathed and grounded type-K thermocouples
1.6 mm in diameter inserted into holes drilled at the
bottom of the plate. Thermocouple placement is sum-
marized in the schematics of Figure 1. The depth of the
holes was chosen so that the thermocouple junctions
would be located 6.35 mm below the top surface of the
plate, i.e., at the mid-depth of the SZ, as shown in the
schematic of Figure 1(a). One thermocouple was placed
at the centerline while two others were offset by 2.9 mm
to either side of the centerline in a staggered arrange-
ment along the tool path, as shown in Figures 1(b) and
(c). This placement was intended to allow assessment of
the temperature variation across the SZ from the
advancing side (the tangential velocity of a point on
the tool surface adds to the traversing velocity) to the
retreating side (the tangential velocity of a point on the
Table I. Composition (Weight Percent) Data for NiAl Bronze[28]
Element Cu Al Ni Fe Mn Si Pb
Minimum/maximum 79.0 (min) 8.5 to 9.5 4.0 to 5.0 3.5 to 4.5 0.8 to 1.5 0.10 (max) 0.03 (max)
Nominal 81 9 5 4 1 — —
Typical plate 81.2 9.39 4.29 3.67 1.20 0.05 <0.005
Fig. 1—Schematic diagrams illustrating the thermocouple locations:
(a) transverse view of the plate cross section with the hole and chan-
nel for thermocouple placement, (b) plan view of the plate showing
the staggered arrangement of the thermocouples in the plane of the
plate, and (c) distribution of the thermocouples relative to the tool
pin profile.
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tool surface subtracts from the traversing velocity). The
drilled holes were small enough in diameter that the
thermocouple sheaths were in contact with the side as
well as the end of the hole. For sheathed and grounded
type-K thermocouples embedded in a solid plate, an
effective time constant can be estimated to be 0.02 to
0.06 seconds[29] and repeatability is estimated to be
better than 1 !C.[30] Thermocouple output was recorded
at 10 points per second using a computer-based data
acquisition system. Finally, the thermocouple sheaths
were bent around a radius and press fitted into a channel
machined into the bottom of the plate; the channel edges
were lightly peened to lock the thermocouples in place.
The effects of preheating the NiAl bronze on the FSP
temperature cycle were investigated by heating a plate
prior to processing. This was accomplished by placing
an electrical resistance heater under the plate and
covering it with a Fiberfrax* insulation blanket. The
temperature was monitored by the control thermocou-
ple for the heater as well as the embedded measurement
thermocouples. The FSP was conducted after equilibra-
tion at the preheating temperature of 400 !C. The
insulation was continuously moved to avoid excessive
cooling from the preheating temperature.
The FSP was conducted using tools fabricated in
Densimet 176.** The tools were machined to have a
shoulder diameter of 28.6 mm and a pin in the shape of
a truncated cone 12.7 mm in length with a base diameter
of 15 mm and a tip diameter of 6.3 mm. The pin also
had a stepped spiral feature on the conical surface. The
tool was always tilted 3 deg away from the direction of
the tool advance. The runs reported here involved a tool
rotation rate of 1000 rpm and the traversing rate
was either 50.8 mm min!1 (2.0 in. min!1) or 152.4 mm
min!1 (6.0 in. min!1). The preheated material was
processed at this same tool rotation rate and a traversing
rate of 50.8 mm min!1 (2.0 in. min!1). Surface temper-
ature measurements were conducted on these plates
and involved an optical pyrometer that was focused on
the plate surface in which the heel of the tool shoulder
was in contact with the plate. Care was taken to assure
that ‘‘flash’’ from the processing did not interfere with
the pyrometer measurement. The pyrometer (Wahl
model DH552, Palmer Wahl Instrumentation Group,
Asheville, NC) was calibrated using a black-body source
in conjunction with a Hart Scientific model 9150
calibrator (Hart Scientific, American Fork, UT). The
pyrometer was calibrated at a temperature of 950 !C,
based on values from the microstructure analysis.[8]
Repeatability was estimated to be 5 !C.
The volume fraction of the transformation products
of FSP-induced b, Vb, was measured and used to obtain
microstructure-based estimates of the peak SZ temper-
ature following analysis procedures that have been given
elsewhere.[8,9,11] Briefly, preliminary experiments involv-
ing rapid cooling after either static annealing or iso-
thermal hot rolling (with reheats of 10 minutes between
successive passes) were conducted and the transforma-
tion products of b were identified. The volume fraction
of these transformation products Vb was then deter-
mined by quantitative optical microscopy methods. For
this purpose, samples were polished and then etched in a
two-step process involving, first, immersion for 1 to
2 seconds in a solution of 40 mL water+40 mL
ammonium hydroxide+2 mL hydrogen peroxide
(30 pct) and rinsing in water, followed by immersion
for 1 to 2 seconds in a solution of 60 mL water+30 mL
phosphoric acid+10 mL hydrogen peroxide. Etched
samples were examined using bright-field illumination in
a Carl Zeiss Jenaphot 2000 (Carl Zeiss Jena GmbH,
Jena, Germany) equipped with a digital imaging system,
and Vb, which has an appearance quite distinct from the
eutectoid a+ jiii constituent, was determined by point
counting on optical micrographs taken at a magnifica-
tion of 370 times. Each Vb measurement was repeated
4 times and the standard error of measurement was
determined to be 0.1 Vb for 0<Vb < 1. Annealing times
of 1 hour were found to result in equilibrium values of
Vb for temperatures varying from 760 !C to 1000 !C.
The results of these measurements can be summarized by
the linear equation T = 244 Vb+758(!C) for 0 £ Vb £ 1.
This relationship has been applied to estimate SZ peak
temperatures by the measurement of Vb using the same
point-counting method on optical micrographs from
selected regions in the SZ. Here, the results of this
analysis are presented as an average peak temperature at
each measurement location as well as the range of values
from four measurements. This approach assumes that
the reversion of the eutectoid is accelerated by the
generation of excess vacancies during severe plastic
deformation, and the resulting microstructures represent
near-equilibrium conditions for the temperature in
question.[8,25–27]
III. RESULTS
A. Thermocouple and Optical Pyrometer Measurements
Thermal cycles are presented in Figure 2 for NiAl
bronze materials subjected to FSP at 1000 rpm
and either 50.8 or 152.4 mm min!1 for plates ini-
tially at ambient temperature or at 1000 rpm and
50.8 mm min!1 after preheating to 400 !C. The plots
in Figures 2(a), (c), and (e) show thermocouple output
for the entire duration of the FSP experiment, while the
plots in Figures 2(b), (d), and (f) show only that portion
of the thermal cycle for T ‡ 700 !C. In comparisons
among the data in Figures 2(b), (d), and (f), the time
scales are all different. Each graph in Figure 2 includes
data for the three embedded thermocouples. The ther-
mal cycles are offset along the time axis because of the
staggered placement of the thermocouples (Figure 1).
*Fiberfrax is a registered trademark of Unifrax, Niagara Falls, NY.
**Densimet 176 is a registered trademark of Plansee Tungsten
Alloys, Saint Pierre en Faucigny, France.
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The centerline thermocouple is the first to be encountered
by the tool, followed in succession by the advancing
side and then the retreating side thermocouples. Thus,
the offset along the time axis is the ratio of the distance
between the thermocouples along the axis of the
tool advance (6.35 mm) and the tool traversing rate,
i.e., 7.5 seconds for traversing rates of 50.8 mm min!1
and 2.5 seconds for traversing at 152.4 mm min!1.
Inspection of the individual temperature profiles in each
of the Figures 2(b), (d), and (f) reveals such time offsets
when the heating portions of the temperature profiles
are compared.
Fig. 2—Recorded thermal cycles for FSP runs with plates initially at ambient temperature and processing at (a) and (b) 1000 rpm and 50.8 mm
min!1 and (c) and (d) 1000 rpm and 152.4 mm min!1. (e) and (f) Thermal cycles for material preheated to 400 !C and processed at 1000 rpm
and 50.8 mm min!1. Complete thermal cycles are presented in (a), (c), and (e), while the portions of the thermal cycles above 700 !C are
presented in (b), (d), and (f).
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As the tool approaches the thermocouple locations,
the thermal cycles in Figures 2(a), (c), and (e) exhibit
heating at rates that depend on both the tool traversing
rate and the plate preheating temperature. For each
processing condition, the absolute heating rates are
greater than subsequent cooling rates after the peak
temperature is attained. These heating and cooling rates
at T = 800 !C were determined from the digital ther-
mocouple data and are summarized in Table II along
with dwell times at temperatures above 700 !C and
900 !C. Table II also includes peak temperatures for
each thermocouple and optical pyrometer data. In the
graphs of Figures 2(b), (d), and (f), the dwell time above
700 !C, Dt700"C; is largely unaffected by thermocouple
placement, while the dwell time above 900 !C, Dt900"C;
increases in the progression from retreating to the
centerline to the advancing side. This is evident in the
temperature profiles of Figures 2(b), (d), and (f) as well
as in Table II. Furthermore, the temperature profiles in
Figures 2(b), (d), and (f) for the centerline and advanc-
ing side thermocouples exhibit temperature fluctuations
in the vicinity of the peak temperature, while the
retreating side profile is smooth around the peak
temperature.
The foregoing observations together with the thermo-
couple placements illustrated in Figure 1 suggest that the
centerline and advancing thermocouples are being dis-
placed by direct interaction with the tool pin. Accord-
ingly, grinding of the plates in the vicinity of the
thermocouples was carried out, starting from the bot-
tom sides of each plate, until the thermocouple tips
were located. Examples are shown in Figure 3 for
materials processed without preheating and at 1000
rpm and either 50.8 mm min!1 (Figure 3(a)) or
152.4 mm min!1 (Figure 3(b)), and with preheating
to 400 !C and at 1000 rpm and 50.8 mm min!1
(Figure 3(c)). These images were obtained from a loca-
tion either 12.4 mm (Figures 3(a) and (c)) or 11.9 mm
(Figure 3(b)) below the top surfaces of these plates and
thus correspond approximately to the bottom of the SZ.
In all images, the SZ is apparent as a band of darker
etching material extending from left to right. The SZ
centerline and the tool traversing directions are indicated
by the insets. In Figure 3, the centerline thermocouples
have all been displaced toward the retreating side,
although the tips of these thermocouples have not yet
been revealed. The tips of the advancing side thermo-
couples are indicated in images in Figures 3(a) and (b)
and their location suggests that these thermocouples
have been displaced downward toward the bottom as
well as toward the retreating side of the SZ. In contrast,
the tip of the advancing side thermocouple appears to be
located on the advancing side of the SZ in Figure 3(c),
indicating that preheating may affect the SZ deformation
field or thermocouple motion in this deformation field.
In all cases, the retreating side thermocouples lie outside
of the SZ and have not been affected by the tool at this
depth below the plate surface.
The thermocouple data in this experiment indicate
that preheating retards heating as well as cooling rates
and increases dwell times but has little effect on the SZ
peak temperature or its distribution. For materials
processed at 1000 rpm and 50.8 mm min!1, the peak
temperatures were 992 !C to 1015 !C in the material
processed without preheating and 990 !C to 1003 !C in
the material preheated to 400 !C. Likewise, pyrometer
data suggest little effect of preheating; the surface
temperature was 944 !C without preheating and
956 !C in the preheated material. However, processing
without preheating at the higher traversing rate,
152.4 mm min!1, resulted in SZ peak temperatures of
969 !C to 992 !C, i.e., values approximately 20 !C
cooler at each thermocouple location. In contrast,
pyrometry results indicate that the surface temperature
was higher, 970 !C, in material processed at the higher
traversing rate when compared to the lower traversing
rate. Altogether, the thermocouple and pyrometer
measurements indicate that peak temperatures are 0.92
to 0.97 TMelt for this NiAl bronze material.
B. Microstructure-Based Estimates
Transverse sections showing the SZ and surrounding
material for the processing conditions of the present
investigation are shown in Figure 4. The central SZ
microstructure is highly refined in all cases and the grain
structure cannot be resolved in these micrographs. An
approximately circular ‘‘onion-ring’’ pattern, consisting
of a combination of a and dark-etching b-transforma-
tion products, is apparent surrounding the central part
of the SZ, although asymmetry of deformation due to
the tool rotation is also apparent. The advancing side
Table II. Thermocouple and Pyrometer Temperature Data
FSP Condition
1000/50.8/25 !C 1000/152.4/25 !C 1000/50.8/400 !C
Thermocouple location Adv* Ctr** Ret! Adv Ctr Ret Adv Ctr Ret
¶T/¶t heat (!C/s) 58.1 46.8 68.0 287.0 261.6 210.6 28.9 37.2 29.3
¶T/¶t cool (!C/s) –34.4 –29.4 –19.5 –100.2 –93.8 –56.8 –5.7 –6.2 –6.8
Dt700!C (s) 21.4 20.2 22.1 6.6 6.7 6.9 59.1 53.1 49.0
Dt900!C (s) 10.9 7.9 7.3 3.6 3.4 2.23 15.8 12.0 8.7
TPeak (!C) 1015.0 992.0 992.2 992.5 979.8 969.3 998.9 1003.9 990.0
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interface between the SZ and the surrounding material is
distinct, indicating a steep strain gradient on the
advancing side of the tool. In contrast, the interface
beneath and on the retreating side of the SZ is more
diffuse, especially just under the surface in contact with
the tool shoulder. In this region, the base metal appears
to have been pulled into the SZ by the action of the tool
shoulder after passage of the tool pin. The SZ is
surrounded by material that appears to have been
heated into the eutectoid temperature range but has
experienced little or no plastic deformation. This region
is termed the TMAZ and is delineated here again by the
Fig. 3—Optical micrographs showing the bottom of the SZ in the
plane of the plate and illustrating the displacement of thermocouples
by the action of the tool pin during FSP. During the tool traverse,
the thermocouples are encountered in the sequence centerline,
advancing, retreating, i.e., (a) and (b) from left to right or (c) from
right to left. In (a) and (b), the centerline and advancing side ther-
mocouples are displaced to the retreating side in materials initial at
ambient temperature, and the advancing side thermocouple tip is
also displaced to the bottom of the SZ. In (c), the advancing side
thermocouple remains on the advancing side of the SZ in material
preheated to 400 !C.
Fig. 4—Transverse cross-sectional views of the SZ, TMAZ, and base
metal for NiAl bronze material processed at ambient temperature
and (a) 1000 rpm and 50.8 mm min!1, (b) 1000 rpm and 152.4 mm
min!1, and (c) after preheating to 400 !C and processing at
1000 rpm and 50.8 mm min!1.
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dark-etching b-transformation products formed on
cooling after reversion of the eutectoid constituent.
The as-cast base metal microstructure beyond the
TMAZ comprises the primary a and eutectoid a+ jiii,
although the lamellar morphology is not resolved at this
low magnification. Details of the as-cast microstructure
have been given in previous reports.[8,9,11–15,17–24]
Higher-magnification images from the regions
denoted 1 through 4 in Figure 4(a) are shown in
Figure 5. These images reflect a vertical traverse down-
ward from the plate surface in contact with the tool
along the centerline of the SZ for material processed at
1000 rpm and 50.8 mm min!1 without preheating.
Region 1 exhibits bandlike features consisting of a
grains (light etching) and b-transformation products
(dark etching) that are elongated and aligned nearly
perpendicular to the tool traversing direction in the
transverse plane. Globular jii particles are also apparent
in this image. The primary a appears to have recrystal-
lized, but the new grains also appear to have experienced
further deformation, leading to a fragmented appear-
ance of this constituent. The volume fraction of
b-transformation products Vb exceeds 0.5 in region 1,
and these products include fine Widmanstätten a
and bainite, reflecting cooling at 2 to 3 9 101 !C/s
(Table II), i.e., rates ~104 times that of the as-cast
condition. In region 2, the microstructure consists
of nearly equal volume fractions of primary a and
b-transformation products as well as globular jii parti-
cles. The directionality in this region reflects the onion-
ring structure formed by the stirring action of the tool.
The volume fraction of primary a increases upon
traversing down the centerline of the SZ (regions 3
and 4). In these regions, very fine recrystallized and
equiaxed primary a grains are apparent, although some
grain elongation may still be discerned. Globular jii
particles are apparent throughout this SZ.
Plots of Vb as a function of depth in the SZ are shown
in Figure 6 for the materials processed without preheat-
ing. These data show that Vb increases to a local
maximum approximately 1.0 mm below the plate sur-
face, decreases to a local minimum at 2.0 mm, and then
increases to the overall maximum peak value at 4.2 to
4.3 mm before decreasing with depth to the bottom of
the SZ. The local minimum at ~2.0 mm corresponds
roughly to the beginning of the onion-ring pattern.
Corresponding local peak-temperature values were cal-
culated using the approach given in Section II, and the
results are presented in Figure 7. The relationship
between the Vb and the temperature is linear and so
the calculated temperature-depth relationship exhibits
the same variation with depth as is observed in the
Vb-depth plots. The highest peak-temperature values in
the plots in Figure 7 are seen at SZ depths of 4.1 to
4.3 mm. These values as well as interpolated values of
peak temperatures at depths of 6.35 mm (the location of
the thermocouple tips prior to FSP) are summarized in
Table III along with peak-temperature data from
Table II.
Fig. 5—Higher-magnification micrographs from locations denoted 1
through 4 in Fig. 4(a) for material processed at 1000 rpm and
50.8 mm min!1.
Fig. 6—Volume fraction of b, Vb, as a function of SZ depth for
materials processed at 1000 pm and either 50.8 or 152.4 mm min!1.
Average values of Vb as well as the range of values are plotted.
Fig. 7—Corresponding microstructure-based estimates of local peak
temperature and range of peak-temperature values for the Vb vs
depth data of Fig. 6 are shown. These data indicate that the maxi-
mum temperature value is at a SZ depth of ~4 mm.
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IV. DISCUSSION
Peak SZ temperatures have been evaluated by means
of thermocouples embedded in the tool path, optical
pyrometer measurements of the surface temperature at
the tool heel, and quantitative analysis of microstructure
constituents reflecting FSP-induced phase changes.
Altogether, the peak SZ temperatures obtained by these
independent measurement techniques are in close agree-
ment (Table III) and demonstrate that SZ peak temper-
atures are 0.90 to 0.97 TMelt during the FSP of this NiAl
bronze material.
The thermal cycles depicted in Figures 2(a), (c), and
(e) are suggestive of the analytical solution obtained by
Rosenthal[31] for three-dimensional heat flow in a semi-
infinite workpiece during welding. The Rosenthal equa-
tion assumes a moving-point source of heat at the origin
of a moving reference frame and considers heat flow
only by conduction. Modifications of the solution
include assumption of a distributed heat source to avoid
a singularity at the origin. Nevertheless, the rapid
heating and slower cooling responses observed in the
thermocouple data are consistent with the original
analytical formulation. Furthermore, the form of the
complete thermal cycle for locations at the edge or
outside of the SZ, e.g., the retreating side thermocou-
ples, with rapid heating to the peak temperature and
slower cooling after passage of the heat source, is
implicit in the Rosenthal equation.
The cooling rates at the back edge of the SZ along the
traversing axis behind the tool where deformation has









where T is the temperature, t is the time, k is the
workpiece thermal conductivity (J/msK), T0 is the initial
(preheating) temperature, Q is the power dissipated by
the heat source (W), and U is the traversing speed of the
heat source (m/s). In the usual derivation of Eq. [1],
T ~ TMelt is assumed and cooling rates at the edge of the
liquid weld metal behind the heat source may then be
estimated. Here, the temperature T ~ 800 !C at the
SZ/TMAZ interface (e.g., Figure 4). If this value is used
in place of TMelt in Eq. [1], the effects of the traversing
rate and preheating temperature T0 on the heating and
cooling rates may be assessed. If Q is assumed constant
for processing at 1000 rpm, then increasing the travers-
ing rate from 50.8 to 152.4 mm min!1 should increase
cooling rates by a factor of 3. Indeed, a comparison of
the advancing side, centerline, and retreating side
cooling rates at 800 !C in Table II reveals ratios of 2.9
to 3.2 for these locations. Likewise, increasing the
preheating temperature from 25 !C to 400 !C would
reduce the advancing side, centerline, and retreating side
cooling rates by a factor of 3.75, according to Eq. [1].
Corresponding ratios for traversing at a rate of 50.8 mm
min!1 in the data of Table II are 6.0 for the advancing
side, and 4.7 and 2.9 for the centerline and retreating
sides, respectively. The advancing side thermocouple
remained on the advancing side in preheated material
while being displaced to the retreating side in the
material that was not preheated. Thus, the advancing
side thermocouples in materials processed at 50.8 mm
min!1 have experienced different histories depending on
the initial plate temperatures. Altogether, Eq. [1] cor-
rectly predicts trends in the effects of the traversing rate
and preheating on the cooling rates, but improved
accuracy would require a detailed understanding of the
plastic flow within the SZ.
The thermocouple placement was intended to enable
assessment of the variation in the SZ peak temperatures
from the advancing to the retreating side. Examination
of the thermocouple data in Table II suggests that the
peak temperatures are higher on the advancing side than
on the retreating side by 9 !C to 23 !C. The centerline
peak temperatures are intermediate for materials pro-
cessed without preheating, while the centerline peak
temperature is the highest temperature recorded in
preheated material. However, the advancing and cen-
terline temperature profiles in Figures 2(b), (d), and (f)
also suggest that the thermocouples have begun to move
prior to the temperature attaining a maximum value.
This is reflected in the rapid temperature fluctuations
along these profiles as the thermocouple tips were being
displaced by the approaching tool, and direct micro-
scopy also showed extensive displacement of thermo-
couples in these positions. Heat generation by direct
contact between the tool and the thermocouple sheath
may also be a factor in the temperature profiles for the
advancing and centerline thermocouples.
Microstructure-based analysis of the peak-tempera-
ture distribution across the SZ has been reported
previously for this same NiAl bronze material subjected
to a single FSP pass at 1000 rpm and 101.6 mm min!1,[11]
i.e., a traversing rate intermediate to those of the present
investigation. The data were obtained along five vertical
traverses at up to nine locations along each traverse. The
traverses are denoted as R1, R2, C3, A4, and A5, as
illustrated in Figure 8(a). A single point count was
conducted at each location and the resulting data are
replotted here in Figure 8(b) as the peak temperature as
a function of the depth along each traverse. These data
Table III. Peak Temperatures Recorded by Different Techniques; Centerline Thermocouple Measurements Are Reported Here
Processing Conditions Microstructure Thermocouple Optical Pyrometry
1000/50.8 920 !C (~4.3 mm) 992 !C (centerline) 944 !C (surface)
870 !C (at ~6.35 mm)
1000/152.4 960 !C (~4.1 mm) 980 !C (at ~6.35 mm) 970 !C (surface)
930 !C (at ~6.35 mm)
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suggest that the peak temperature is highest on the
advancing side at an SZ depth of 1 mm, i.e., immedi-
ately below the surface in contact with the tool, while
the retreating side temperature appears slightly higher at
approximately 6.5 mm, i.e., the SZ mid-depth. How-
ever, temperature differences across the SZ are within
the likely error in the estimated temperature measure-
ment (e.g., Figure 7). Thus, an unambiguous conclusion
regarding temperature variation across the SZ cannot be
drawn from these data. This is consistent with the results
of the present study, in which displacements of the
advancing and centerline thermocouples at temperatures
near the peak value preclude an unambiguous assess-
ment of the peak-temperature variation across the SZ.
The microstructure-based estimates indicate that the
highest SZ temperatures are found just below the tool
shoulder, reflecting frictional and adiabatic heating
effects associated with the shoulder as well as the pin.
The peak-temperature estimation deeper inside the SZ is
complicated by the tool features that induce complex
displacements of material vertically as well as around
the pin. Thus, material at any location in the SZ after
processing likely was not at that same location prior to
passage of the tool. A more complete description of the
SZ temperature history will require a detailed under-
standing of the SZ strain history, as well.
Finally, in Table III, the microstructure-based esti-
mates and optical pyrometry measurements suggest that
the SZ peak temperatures increase somewhat as the tool
traversing rate increases. In contrast, the thermocouple
data indicate that the SZ peak temperature decreases
slightly with the increasing tool traversing rate. Heating
during FSP is due to frictional and adiabatic effects as
the tool rotates and advances relative to the workpiece.
At 1000 rpm, the surface speed of the tool at the base of
the pin under the shoulder is ~4.7 9 104 mm min!1
relative to the workpiece surface, so that tool translation
rates in the present work (50.8 to 152.4 mm min!1) will
have a negligible effect on the tool surface speed.
Nevertheless, traversing of the tool clearly affects the
flow about the tool pin and leads to the asymmetry of
deformation from the advancing to the retreating size of
the SZ, which is apparent in Figure 4. It is also possible
that increased traversing rates result in foreshortening of
the SZ ahead of the tool, increasing local strain rates
and, thus, adiabatic dissipation, giving a concomitant
increase in the local temperature. Again, a complete
interpretation of the temperature distribution requires
an improved understanding of the SZ strain history.
V. CONCLUSIONS
The following conclusions may be drawn from this
investigation of the SZ thermal cycle by embedded
thermocouples as well as by measurements using optical
pyrometer and microstructure-based estimates of the
peak SZ temperature.
1. The SZ thermal cycles can be measured by means
of embedded thermocouples placed directly in the
tool path. Such thermocouples will be displaced
and so the thermal cycle will reflect the temperature
along a path through the SZ and not the tempera-
ture at a specific location.
2. Peak SZ temperatures are 0.92 to 0.97 TMelt, as
measured by thermocouples embedded in the tool
path, and have at most a small dependence on the
tool traversing rate and preheating temperature for
the range of values employed in the present investi-
gation.
3. Preheating to 400 !C retards heating as well as
cooling rates and increases the dwell time at tem-
perature during the FSP-induced thermal cycle.
4. Analytical solutions based on Rosenthal’s equation
for the cooling rate along the traversing axis behind
a moving-point heat source predict trends in the
dependence of the cooling rate at 800 !C (i.e., the
SZ/TMAZ interface temperature) on the tool tra-
versing rate.
Fig. 8—(a) Transverse view of the SZ, TMAZ, and base metal
microstructures for material processed at 1000 rpm and an interme-
diate traversing rate of 101.6 mm min!1. (b) Microstructure-based
estimates of local peak temperature as a function of SZ depth for
five different downward traverses through the SZ. These data suggest
that advancing and retreating sides exhibit similar temperature-depth
profiles.
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5. Pyrometer measurements of the surface temperature
at the tool heel are 0.92 TMelt for a tool traversing
rate of 50.8 mm min!1 and are independent of
the preheating temperature, and 0.94 TMelt for a
traversing rate of 152.4 mm min!1.
6. Microstructure-based estimates suggest slightly low-
er local peak SZ temperatures (as low as ~0.9 TMelt)
when compared to embedded thermocouple and
pyrometer measurements for the material processed
at 50.8 mm min!1 without preheating. Such esti-
mates for the material processed at 152.4 mm min!1
without preheating are consistent with thermocou-
ple and pyrometer measurements.
7. Interpretation of the peak-temperature variation
from the advancing to the retreating side of the
SZ is made difficult because of advancing and cen-
terline thermocouple displacements and possible
thermocouple contact with the tool pin. Corre-
sponding peak-temperature variations from micro-
structure-based estimates are generally within the
measurement error.
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